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$L$ , $U$ , $\omega$
(1) $\sim(3)$
$R_{u} \frac{\partial u}{\partial t}+Re(u\cdot\nabla)u=\nabla\cdot\sigma$ (1)
$\sigma=-p1+(\nabla u+(\nabla u)^{T})$ (2)
$\nabla\cdot u=0$ (3)





$R_{S}$ Stokes $\rho$ $\rho_{M}$





$u_{r}=- \frac{1}{r^{2}}\frac{\partial\psi}{\partial\mu}, u_{\theta}=-\frac{1\partial\psi}{r\sqrt{1-\mu^{2}}\partial r}$ , (5)
$\mu=\cos\theta$ Navier-Stokes
$(R_{\omega} \frac{\partial}{\partial t}-D^{2})D^{2}\psi=\frac{Re}{r^{2}}[\frac{\partial(D^{2}\psi,\psi)}{\partial(r,\mu)}-2D^{2}\psi L\psi]$ (6)
$D^{2}$ $L$
$D^{2}= \frac{\partial^{2}}{\partial r^{2}}+\frac{1-\mu^{2}}{r^{2}}\frac{\partial^{2}}{\partial\mu^{2}}, L=\frac{\mu}{1-\mu^{2}}\frac{\partial}{\partial r}+\frac{1}{r}\frac{\partial}{\partial\mu}$ (7)
$Re\ll R_{\omega},$ $Re\ll 1$









(9) $Q_{n}$ $\mu$ $\epsilon$
$(\epsilon\ll 1)$ $\alpha_{n}(t)$ $\beta_{n}(t)$
$u(R, \Theta)=\dot{R}=\epsilon\sum_{n=1}^{\infty}\dot{\alpha}_{n}(t)Q_{n}’(\mu)$ (12)
$v(R, \Theta)=R\ominus=\epsilon(1+\epsilon\sum_{n=1}^{\infty}\alpha_{n}(t)Q_{n}’(\mu))\sum_{n=1}^{\infty}\frac{n(n+1)}{\sqrt{1-\mu^{2}}}\dot{\beta}_{n}(t)Q_{n}(\mu)$ . (13)
$u_{r}(r=1)= \sum_{n=1}^{\infty}A_{n}(t)Q_{n}’(\mu)$ (14)
$u_{\theta}(r=1)= \sum_{n=1}^{\infty}\frac{n(n+1)}{\sqrt{1-\mu^{2}}}B_{n}(t)Q_{n}(\mu)$ (15)
$A_{n}(t),$ $B_{n}(t)$ (12), (13) $\epsilon$
$V(t)$









(18), (19) Laplace $K_{n+1/2}$


















$+ \int_{0}^{\pi}(n_{r}(R-1)\frac{\partial\sigma_{rr}}{\partial r}\cos\Theta-n_{r}(R-1)\frac{\partial\sigma_{r\theta}}{\partial r}\sin\Theta)\sin\Theta d\Theta$
$+ \int_{0}^{\pi}(n_{\theta}\sigma_{\theta r}\cos\Theta-n_{\theta}\sigma_{\theta\theta}\sin\Theta)\sin\Theta d\Theta$
$+ \int_{0}^{\pi}(n_{r}\sigma_{rr}\cos\Theta-n_{r}\sigma_{r\theta}\sin\Theta)2(R-1)\sin\Theta d\Theta+O(\epsilon^{3})$ (25)
(25) $d_{S}$ , 3 $d_{d}$ $d_{s}$
$A_{n}$ $B_{n}$ $d_{d}$ $A$ $B_{n}$
3
(18) (19) (25) (23) $V(t)$
3.1
$d_{s}$ (25) $A_{n}$ $B_{n}$
$d_{s}=-[(3V+A_{1}+2B_{1})+R_{\omega}( \dot{V}+\frac{A_{1}}{3})+\sqrt{R_{\omega}}\int_{0}^{t}\frac{3\dot{V}(\tau)+A_{1}(\tau)+2\dot{B}_{1}(\tau)}{\sqrt{\pi(t-\tau)}}d\tau]$ (26)
(26) 1 Stokes Stokes
( [21]) Stokes
2 $R_{\omega}$ 3 $\sqrt{R_{\omega}}$ Basset
$A_{1},$ $B_{1}$ Taylor
$u_{r}(1, \theta)=u_{r}(R, \Theta)-(R-1)(\frac{\partial u_{r}}{\partial r})_{r=1}-(\Theta-\theta)(\frac{\partial u_{r}}{\partial\theta})_{r=1}$ (27)
$u_{\theta}(1, \theta)=u_{\theta}(R, \Theta)-(R-1)(\frac{\partial u_{\theta}}{\partial r})_{r=1}-(\Theta-\theta)(\frac{\partial u_{\theta}}{\partial\theta})_{r=1}$ , (28)

















$O(\epsilon^{2})$ $V=\epsilon V^{(1)}+\epsilon^{2}V^{(2)}+O(\epsilon^{3}),$ $\epsilon$





1 $\langle V\rangle$ $n$
$\langle V\rangle=\lim_{narrow\infty}\frac{1}{T}\int_{nT}^{(n+1)T}V(t)dt$ (34)





$\langle V_{0}^{(2)}\rangle$ Blake[5] Stokes 1
2
[19]





$P=- \int_{S}(n\cdot\sigma)\cdot udS=-2\pi\int_{-1}^{1}[(n\cdot\sigma)\cdot u]_{r=1}d\mu+O(\epsilon^{3})$ (36)
1 (36) $R_{\omega}$
$\frac{\langle P\rangle}{2\pi}=\frac{8}{3}\epsilon^{2}\langle(\dot{\alpha}_{1}-\dot{\beta}_{1})^{2}\rangle+\epsilon^{2}\sum_{n=2}^{\infty}\langle\frac{4n^{2}+6n+8}{(n+1)(2n+1)}\dot{\alpha}_{n}^{2}-\frac{12n}{2n+1}\dot{\alpha}_{n}\dot{\beta}_{n}+2n(n+1)\dot{\beta}_{n}^{2}\rangle$
$+O(\epsilon^{3}, R_{\omega}^{3/2}, R_{\omega}^{1/2}R_{S}, )$ (37)
(37) $O(R_{\omega})$
[9] [33]




$\eta=\frac{6\pi\langle V\rangle^{2}}{\langle P\rangle}$ (3S)
4
$R_{\omega}=0$ Stokes squirmer
$R=1+ \epsilon\sqrt{2}\sin\theta\cos((1+K)\frac{\pi}{4})\cos(k\theta-\omega t)$ (39)
$\Theta=\theta+\epsilon\sqrt{2}\sin\theta\sin((1+K)\frac{\pi}{4})\cos(k\theta-\omega t+\delta)$ (40)
4 $\epsilon$ , $k$ ,
$\delta(0\leq\delta\leq 2\pi)$ ,
$K(-1\leq K\leq 1)$ $\epsilon$
$\epsilon$ $\epsilon=0.05$ $k>0$
$0<\delta<\pi$ , $k<0$ $\pi<\delta<2\pi$








$k,$ $\delta,$ $K$ (ii) $\epsilon$ $k$ $\delta,$ $K$
( ), (iii) $\epsilon$ $k$ $\langle P\rangle$
$\delta,$ $K$
4.1 (i)
3 $k,$ $\delta,$ $K$ $K$ $K=-O.8,$ $K=-O.5,$ $K=0,$ $K=0.5,$ $K=0.8$
$k-\delta$ 1




“spherical squirmer” ( [41] [18] ),
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$\mathfrak{x}\hslash g$











$ww\ovalbox{\tt\small REJECT} n4\sigma 0$
1 $K$ $k-\delta$ $\langle V\rangle$ $x$ $k(-10\leq k\leq 10),$ $y$
$\delta(0\leq\delta\leq 2\pi)$ $K=-0.8$ ( ), $K=-0.5$ ( ), $K=0$ ,
$K=0.5$ ( ), $K=$ O. $S$
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$l0 * 0 f \prime o$wavo $num$ $er$ a $num$ $\bullet r$
2 $\delta=\pi/2$ $k-K$ $\langle V\rangle$ ( ) $\eta$ ( ) $x$

















$d0 tW \prime W g ar ro W$ $W tO tW \infty \infty \mathfrak{U} fO$
$phao*h|\mathfrak{n}$ $phan*Nn$
3 $k=3$ $\delta-K$ $\langle V\rangle$ ( ) $\eta$ ( ) $x$
$\delta(0\leq\delta\leq 2\pi)$ , $y$ $K(-1\leq\delta\leq 1)$
symplectic antiplectic 2 symplectic
$\delta=90.0^{o},$ $K=-0.48$ $\langle V\rangle=0.0485$ $\delta=90.0^{o},$ $K=-0.43$
66
$\eta=0.0055$ antiplectic $\delta=270.0^{o},$ $K=0.48$
$|\langle V\rangle|=0.0739$ $\delta=270.0^{o},$ $K=0.54$ $\eta=0.0093$




antiplectic $K>0$ $K$ $\delta$
4.3 (iii)
$\langle P\rangle$ $k=3$ $\delta-K$
$\langle P\rangle$ 4 symplectic antiplectic







4 $k=3$ $\delta-K$ $\langle P\rangle$ ( ) $\langle P\rangle_{\max}$
$K$ ( ). $\langle P\rangle$ $x$ $\delta(0\leq\delta\leq 2\pi)$
$y$ $K(-1\leq\delta\leq 1)$
$k=3$ $\langle P\rangle_{\max}\leq 9.32$ $\delta=\pi/2$ (ii) symplectic
$K=-0.48$ $\langle P\rangle_{\max}=9.32$ $K$
$K$ $-0.48$ 0.92 synplectic
“spherical squirmer” $K$ $K=1$
$\delta$ $\delta=3\pi/2$ $\langle P\rangle_{\max}$ (ii) symplectic
$K=0.48$
3 (a) $(K<0)$
“symplectic” (b) “tangential” (c)






\S 3 $R_{\omega}$ squirmer
5.1
\S 4 (40) (40)
$K=0$ $R_{\omega}=R_{S}=1$ $\delta-K$ $\langle V\rangle$ ( )
$R_{\omega}=R_{S}=0$ ( ) 5 $R_{\omega}=R_{S}=1$ $\langle V\rangle$ $R_{\omega}=R_{S}=0$





5 $K=0$ $R_{4}=R_{S}=1$ $\delta-K$ $\langle V\rangle$ ( )
$R_{\omega}=R_{S}=0$ ( ). $x$ $k(-3\leq k\leq 3),$ $y$
$\delta(0\leq\delta\leq 2\pi)$










$R=1+\epsilon(A_{1}\cos(\omega t)P_{1}+A_{2}\cos(\omega t+\triangle)P_{2})$ (41)
$\alpha_{1}=A_{1}\cos(\omega t), \alpha_{2}=A_{2}\cos(\omega t+\triangle)$ (42)
$A_{1}\geq 0$ $A_{2}\geq 0$ $\triangle(0\leq\triangle\leq 2\pi)$ 2
$\omega$ $\omega=2\pi$
(35) $R_{\omega}=R_{S}$ $O(R_{\omega})$
$\langle V\rangle=-\frac{\epsilon^{2}}{45}\{20\langle\dot{\alpha}_{1}\alpha_{2}\rangle+15\langle\alpha_{1}\dot{\alpha}_{2}\rangle-R_{\omega}(4\langle\alpha_{1}\ddot{\alpha}_{2}\rangle+\langle\dot{\alpha}_{1}\alpha_{2}\rangle)\}+O(\epsilon^{3}, R_{\omega}^{3/2}, R_{\omega}^{1/2}R_{S})$, (43)
1
$\frac{\langle P\rangle}{2\pi}=\epsilon^{2}(\frac{8}{3}\langle\dot{\alpha}_{1}^{2}\rangle+\frac{12}{5}\langle\dot{\alpha}_{2}^{2}\rangle)+O(\epsilon^{3}, R_{\omega}^{3/2}, R_{\omega}^{1/2}R_{S})$ (44)
\S 4 (iii) $(\langle P\rangle\leq\langle P\rangle_{\max})$




$\langle V\rangle_{\max}=\frac{\sqrt{10}}{1440\pi}\sqrt{9+25\omega^{2}R_{\omega}^{2}}\cdot\langle P\rangle_{\max}$ (45)
$\eta_{\max}=\frac{9+25\omega^{2}R_{\omega}^{2}}{34560\pi}\langle P\rangle_{\max}$, (46)
$0R$
${\rm Re}\underline{\gamma no\ovalbox{\tt\small REJECT} d}anumberrmm\cdot u0l0l$
$0$
6 $R_{\omega}$ $\triangle$ ( )
$(\alpha_{1}, \alpha_{2})$ 1 ( ). $\triangle$ $\langle V\rangle$
$\triangle$
$R_{\omega}=0$ , $R_{\omega}=0.1$ , $R_{\omega}=1$
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$\langle P\rangle_{\max}$
$A_{2}=(\sqrt{10}/3)A_{1}$ $\Delta=\tan^{-1}(3/5\omega R_{\omega})(\pi\leq\triangle\leq 2\pi)$ $\triangle$
Reynolds 6
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